Abstract-The paper discusses the reason why the image resolution can be significantly enhanced by the superlens with anti-reflection and phase control coatings (ARPC-superlens) via analyzing the surface plasmons (SPs) modes. ARPC-superlens is an asymmetric structure with finite thickness, in which we first find that there are two asymmetric SPs modes. By comparing the dispersion curve of SPs of ARPC-superlens and the SPs group velocity with their counterparts in the metric ones, we find that the Up Asymmetric Mode and Down Asymmetric Mode are excited within the ARPC-superlens with asymmetric structure. By simulating the aerial images in different SPs modes, the paper also discusses the optimal ratio between the metal slab and the ARPC coatings thickness. The results demonstrate that the subwavelength resolution of ARPC-superlens in Down Asymmetric Mode has been enhanced, when the metal/ARPC thickness ratio is 2:1.
INTRODUCTION
A superlens [1] is a slab of negative index material (NIM) [2] [3] [4] that can be used to restore the phase of propagating waves and the amplitude of evanescent waves to achieve super-resolution image with lossless media. So far, many approaches of super-resolution imaging with metallic superlens have been reported [5] [6] [7] [8] [9] [10] . The metallic superlens is composed of a metal slab and two semi-infinite dielectric media with the same permittivities, which is called as symmetric structure. It can enhance evanescent waves to achieve super-resolution by existing Surface Plasmon Wave (SPW) on the two interfaces of metal/medium. SPW are collective electron oscillations that are coupled with electromagnetic waves at the interface between dielectrics and metal [11, 12] , and different surface plasmons [13] [14] [15] [16] [17] [18] (SPs) modes can affect on imaging resolution of metallic superlens [19] . However, many theories and experiments [20] [21] [22] demonstrate that the intrinsic losses of metallic superlens can cause quite low transmittance through a metal film, which limits their operating range to wavelengths in the vicinity of the plasma frequency and leads to the low image contrast and the low resolution. To overcome these problems, an AntiReflection and Phase Control coatings superlens (ARPC-superlens) model is presented in our previous work [23] . ARPC-superlens is composed of a metal slab and two finite thickness dielectric media with different permittivities ε 2 and ε 4 , which is called as the finite thickness asymmetric structure. From the point of view of many reports [5] [6] [7] [8] , only the symmetric structure (SS) of metallic superlens can excite SPW. By using waveguide method, in the Ref. [12] it is first evidenced that the asymmetric structure (AS) can also excite SPW. However, because these dielectric media are assumed as semi-infinite, and the reflected wave on dielectric media surface has not been considered, the results are not accurate enough, especially for ARPC-superlens. So the performance of SPs modes of finite thickness asymmetric structure has been unclear.
In this manuscript, SPs modes of ARPC-superlens asymmetric structure are firstly discussed based on electromagnetic theory and it is found that there are two asymmetric SPs modes defined as Up Asymmetric Mode and Down Asymmetric Mode. In order to further confirm NIM characteristics of ARPC-superlens, the group velocity of different modes have been compared, which denotes NIM characteristics when the energy flow is anti-parallel to the wave vector [2, 20] . The paper discusses in detail the performance of SPs modes and the relation of the SPs modes and the imaging resolution of ARPC-superlens, and explain the reason why the image resolution can be significantly enhanced by ARPC-superlens. Utilizing the numerical analysis, we find that the resolution for Down Asymmetric Mode is higher than that for other SPs modes. Simultaneously, the image quality depending on the metal slab and the ARPC coatings thickness is investigated and the optimal thickness ratio is concluded. All these research results indicate that the super-resolution can be remarkably improved by utilizing anti-symmetric modes. Figure 1 . The ARPC-superlens sample structure.
SPW DISPERSION RELATION AND WORK MODES ANALYSES
The proposed ARPC-superlens model is made of a superlens and two thin films [23] , as shown in Fig. 1 . In vacuum, our model is located in x-z plane between z = 0 and z = d l3 ; the thickness of two ARPC films and Ag slab are d 1 , d 3 and d 2 , respectively. The normal wave vector is along z-axis.
The electric field in the slab can be expressed as [23] [24] [25] :
where
Physically, the poles of the integrand in the electric field expression E 3 correspond to the propagation constants of the guided modes. Thus the mode solutions can be easily obtained by letting D =0 and inspecting the distributions of zeros [24] . So we can get the dispersion relation [12] of
or,
where, 
By the above derivation, we note that there are two SPs modes for the asymmetric structure with finite thick dielectric media.
Compared with the dispersion relation of asymmetric structure, the dispersion relation of the symmetric structure (ε 2 = ε 4 ) is shown by using the waveguide method [19] : Figure 2 . Dispersion curve of surface plasmons for asymmetric and symmetric structure.
NUMERICAL SIMULATIONS
The softwares of COMSOL Multiphysics and Matlab are used for simulation. In following figures, the units of x and z are meter. When a metallic film is embedded in dielectric media and the film thickness d is smaller than the penetration depth of SPs, the interaction between the two SPs on the two metal-dielectric interfaces cannot be neglected [11] . The coupled modes are generally called antisymmetric and symmetric plasmon modes in the symmetric structure [26] . Firstly, we discuss the dispersion curve for SPs by using Eqs. (1)- (4). Fig. 2 represents the dispersion relation of SPs at the interface between the silver slab and ARPC, when thickness ratio is 2:1. The Drude model [27] for silver is taken as
where ω p is the plasma frequency [27] , Γ the relaxation constant, and ω the angular frequency of the source. The permittivities ε 2 and ε 4 are 1.2 and 1/1.2, respectively. From Fig. 2 , it can be seen that SPs have a larger wave vector. Because the group velocity [28] is defined as v g = dω/dk, the antisymmetric mode possesses negative slope at the large wave vector region, indicating that the group velocity is negative [26] . In contrast, the slope of the SPs dispersion curve for the symmetric mode is always positive. So, we can define the Eqs. (1)- (3) as asymmetric modes and the Eq. (4) as symmetric mode. Now we consider different propagation characteristics of SPs modes with opposite group velocities. A Gaussian beam with a finite waist and TM polarization (magnetic field is along y axis) is incident from up ARPC coating and the incident angle is the intersection angle between the incident wave vector and x-axis. The incident light can resonantly excite the SP mode through the evanescent wave penetrating from the surround media (similar a prism, with a permittivity ε 1 = 5.8) into the up ARPC coating if the tangential component of the wave vector (k x ) is matched to that of the desired SP mode (k SP P ), as following Eq. (6):
So we can obtain that the incident angle is 25.7 • according to corresponding ε 3 , ε 1 , ε 2 and ε 4 by using Eq. (6). The medium 1 play a role a prism. The x-component of the electric field is shown in Fig. 3 . The field profiles in Figs. 3(a) -(c) are asymmetric modes and we can see that the surface wave propagates backward, compared with the positive phase velocity in the x-direction. It indicates that the group velocity is antiparallel to the phase velocity under asymmetric modes [26] , which is predicted by the negative slope of the dispersion curve in Fig. 2 . It is confirmed that in asymmetric modes the metal slab can play a role of NIM because when an electromagnetic plane wave propagates in it, the direction of Poynting vector will be opposite to that of wave-vector (k) so that k, E, H form a left-handed set of vectors [2, 20] . And it is conducive to enhancing evanescent waves to achieve super-resolution image [1] . The symmetric SP mode is shown in Fig. 3 Fig. 3(d) indicates that the surface plasmon propagates forwards; that is, both the group velocity and phase velocity are positive in the x-direction. Moreover, it is unfavorable to achieve super-resolution image. In order to obtain the optical energy which is transmitted into the asymmetric structure in this case, the reflection coefficient R on the metallic slab can be calculated by considering the resonance of the multiply reflected field within the ARPC-superlens [1] : (2id 3 k 3 ) . And Fig. 4 shows the reflection coefficient R as a function of the incident angle. Only incident angle is 25.7 • , the value of R can be the minimum, which means that SPW has been excited and the most optical energy is coupled with SPW. As the metal film thickness decreases the SP mode splits into the two modes designated the long-range surface Plasmon (LRSP) and the short-range surface Plasmon (SRSP) such that the real part of the wave vector for the LRSP mode decreases and that of the SRSP increases. Further, the imaginary part of the mode wave vector of the LRSP decreases relative to that of the SRSP, producing a narrowing of the LRSP resonance curve [29] . These features are seen in Fig. 4 , where we can get the conclusion that LRSP can be excited in the asymmetric structure.
(d). In contrast to what one can see in Figs. 3(a)-(c), the field profile in
In the following, Figs incident angle can be got by using Eq. (7). All the permittivities ε i are equivalent to those of Fig. 3 . Fig. 5(a) is obtained by using Eq. (1) and it is obvious that the magnetic field strength on the upper ARPC coating is the strongest, so it is called Up Asymmetric Mode (UAM). Fig. 5(b) is obtained by using Eq. (2) and it is obvious that the magnetic field strength on the lower ARPC coating is the strongest, so it is called Down Asymmetric Mode (DAM). Fig. 5(c) is obtained by using Eq. (3) and it is obvious that the magnetic field strength remains the strongest on two ARPC coatings, so it is called Even Asymmetric Mode. Fig. 5(d) is obtained by using Eq. (4) and it is obvious that the magnetic field strength on the silver slab is the strongest, so it is called Symmetric Mode. The different modes have different propagation characteristics and different magnetic field intensity distributions, which are shown in Figs. 3-5 . The Up Asymmetric Mode is confined to the upper interface while the Down Asymmetric Mode is confined to the lower interface. So their reflection coefficients R are different, which are shown in Fig. 6 . From Fig. 6 , Up Asymmetric Mode and Down Asymmetric Mode are equivalent to LRSP when both the thicknesses of ARPC coating and metal slab are thinner and the metal/ARPC thickness ratio is 2:1. In contrast to what one can see in Fig. 6 , Up Asymmetric Mode and Down Asymmetric Mode are equivalent to SRSP when both the thicknesses of ARPC coating and metal slab are thicker and the metal/ARPC thickness ratio is 1:1. This negative reflection peak provides SPP amplification, which is necessary to compensate for its exponential decay along the z axis [12] . So the imaging resolution of LRSP should be higher than that of SRSP. This means that image resolution can be greatly improved when the metal/ARPC thickness ratio is 2:1.
In order to get the relation of the imaging resolution of ARPC-superlens and SPs modes, we discussed the lateral intensity distributions through the double slits of 20 nm slit width, as shown in Fig. 7 . Whether the double-slit can be distinguished in the image plane is dependent on the minimum value of intensity at the central location. So, it is obvious that the imaging resolution under Up Asymmetric Mode and Down Asymmetric Mode are higher than that under Even Asymmetric Mode and Symmetric Mode. And by using the image contrast formula,
we can obtain the image contrast shown in Table 1 . So the image contrast can be greatly improved by Down Asymmetric Mode and Up Asymmetric Mode. The reason is that intrinsic loss of absorption in the Ag slab superlens turn out to add a blurring effect to the ideal image reconstruction for the impedance match case [22] , but the magnetic field of Down Asymmetric Mode or Up Asymmetric Mode can be concentrated on the two ARPC coatings, which can reduce the intrinsic loss of absorption in the Ag slab. So the image contrast can be improved for the impedance mismatch case. It reconfirms that the ARPC-superlens can significantly enhance the image contrast and resolving capability under the constraint relations [23] . Physically, because of large k x , the penetration depth of SPs into the metal is small compared with the film thickness, and therefore SPs at each interface are decoupled. For this reason, we study the lateral intensity distributions to get the optimal ratio between the metal slab and the ARPC coatings thickness, as shown in Fig. 8 . The Down Asymmetric Mode and Up Asymmetric Mode are shown in Figs. 8(a) and (b), respectively. We can see that the imaging resolution is higher when the metal/ARPC thickness ratio is 2:1 under the asymmetric structure. By using the image contrast formula Eq. (6) to further measure the imaging quality, as shown in Table 2 , we can obtain the image contrast which is greatly improved by Down Asymmetric Mode when the metal/ARPC thickness ratio is 2:1. These results confirm the conclusion of Fig. 6 .
CONCLUSION
In this paper, we discuss SPs modes of finite thickness asymmetric structure and obtain two asymmetric SPs modes with ARPC-superlens asymmetric structure, which are named Up Asymmetric Mode and Down Asymmetric Mode. These modes can be excited by using a high refractive index medium up the upper ARPC coating. The purpose of this medium is to increase the wave vector of the incident light so that its component along the interface can match the wave vector of the SPP at the metal-dielectric interface. Because the magnetic field of these asymmetric modes can be concentrated on the two ARPC coatings, which can reduce the intrinsic loss of absorption in the Ag slab, the image resolution can be significantly enhanced by ARPC-superlens. Simultaneously, the optimal ratio between the metal slab and the ARPC coatings thickness is concluded. The numerical analysis indicates that the image contrast and resolving capability can be significantly enhanced under the Down Asymmetric Mode when the metal/ARPC thickness ratio is 2:1. These conclusions reconfirm that the ARPC-superlens can greatly improve the image contrast and resolving capability under the matching conditions and constraint relations. This ARPC-superlens with asymmetric modes is believed to be applicable to optical nanoimaging, bio-sensoring and lithography.
ACKNOWLEDGMENT
This work was supported by the Fundamental Research Funds for the Central Universities (lzujbky-2011-k02).
